Coherent multidimensional vibrational spectroscopy is a new technique for establishing correlations between features in vibrational spectra that are caused by intra-and intermolecular interactions. These interactions cause cross-peaks between vibrational transitions that reflect the coupling. In this paper, we use Doubly Vibrationally Enhanced Infrared Spectroscopy (DOVE-IR) and DOVE-Raman processes to obtain coherent two dimensional vibrational spectra. The spectra are fitted to obtain the dephasing rates and third order susceptibilities (χ (3) ) for the nonlinear processes. We show that the DOVE χ (3) values are directly related to the molar absorptivities and Raman χ (3) . We then use these relationships to obtain estimates for the χ (3) of the stimulated photon echo and χ (5) of the six wave mixing spectroscopies, respectively. We also predict the ratio of the cascaded four wave mixing signal to the six wave mixing signal.
Introduction
Linear spectroscopy is based on establishing molecular resonances at specific frequencies which enhance the linear response of the molecular polarization that is induced by the electric field of an exciting light source. Nonlinear spectroscopy is based on perturbing the linear response with electric fields that are strong enough to change the linear optical properties of the molecule. The result is that the linear response is modulated at the frequency of the perturbing strong field so the induced polarization acquires new frequencies at the sum or difference of the original and the perturbing frequencies. The oscillating polarization that produces these new frequencies is enhanced when it is resonant with molecular states, either with states that are resonant with the first excitation or the second perturbing excitation. Two dimensional nonlinear spectroscopy is based on coupling between the two resonant states. Spectral features in two dimensional vibrational spectroscopy can only appear if there are intra-or intermolecular interactions that couple two vibrational modes. Otherwise, it is not possible for one mode to modulate the optical properties associated with the other mode. When the two modes are coupled, cross-peaks appear in the two dimensional spectra at the frequency of each mode. It is this sensitivity to the presence of coupling interactions and the correlations they introduce that leads to the interest in two dimensional vibrational spectroscopy. 1, 2 The only features that one observes are those that are associated with interactions. One can eliminate the spectral congestion from all the other modes that may be much stronger in a normal one dimensional vibrational spectrum . 3 
Theory
Quantum mechanically, the oscillating polarization of a linear spectroscopy corresponds to a coherence, a linear combination of the two states involved in the transition induced by the electromagnetic field. [4] [5] [6] 
Ψ(x,t) = ca(t)Ψa(t)e iωat + cb(t)Ψb(t)e iωbt
Before the transition, the system is a population in state a or b and is described by the diagonal density matrix element, ρ aa or ρ bb . |Ψ| 2 is then time independent with no oscillatory component. In a transition, the electromagnetic field perturbs the system by mixing the states so |Ψ| 2 now has cross-terms that oscillate at (ω b − ω a ). This mixed state is called a coherence and it is described by the off-diagonal density matrix element, ρ ba ≡ cbca * . State b in ρ ba is the ket and state a is the bra. If the coherence has a finite dipole moment, µba, its oscillation will reradiate light at (ω b − ω a ). The polarization is related to the coherence by Ρ = NFµbaρba (2) where N is the molecular concentration and F is a local field correction factor. The polarization is commonly described phenomenologically by the relationship Ρ = χ (1) E + χ (2) E + χ
The reradiated electric field is given by (4) with an intensity
Nonlinear spectroscopy perturbs the coherence by changing its mixture of states. The time evolution of a coherence along a nonlinear pathway is conveniently described by Liouville diagrams that map the sequential perturbations of the coherences and the fields that induced them. 4 The relationships between the fields and the coherences are best defined by wave mixing energy level diagrams (WMEL diagrams). 
the three multidimensional vibrational spectroscopies that are discussed in this paper. In this figure, the letters define the levels, the pair of letters defines the states involved in the coherence, the numbers define the electromagnetic field, and the arrows show the transitions where states change. Note that it is possible to change either state (designated either the ket or bra states for the first or second states, respectively) in the coherence. Ket side transitions are denoted by solid lines and bra side transitions are denoted by dotted lines. Nonlinear spectroscopy is characterized by the number of interacting electromagnetic fields so two interactions mix two fields to create a second order polarization that radiates a third field and it is consequently called three wave mixing. For three wave mixing, symmetry considerations result in an equal number of opposing polarizations in an isotropic material that interfere destructively so no net radiated field occurs. 8 The lowest order nonlinear process that can be observed in isotropic materials is four wave mixing where three fields interact to create a nonlinear polarization that radiates the fourth field.
The nonlinear excitations create an ensemble of molecular polarizations that have a phase relationship. The relationship can be defined by a wavelength and directionality that is linked to the excitation fields by momentum conservation. For a nonlinear process that creates an output frequency given by ω 4 = ω 1 − ω 2 + ω 3, the wave-vector that describes the nonlinear polarization is given by − + where k ≡ nω/c. 9 This relationship shows that the wavelength and directionality of the nonlinear polarization is defined by the wavelengths and directionality of the three excitation fields. The nonlinear polarization reradiates an electromagnetic field at ω 4 with a wavelength that can be different from the polarization since the index of refraction at ω 4 is different from the input fields. Thus, the phase of the launched electromagnetic field can differ from the phase of the nonlinear polarization that launches it. Phase matching of the beams can still be achieved by appropriate choice of the directionality of the beams such that = − + .
Dove Methods
Our work in multiresonant four wave mixing spectroscopy has focused on using three different frequencies for the excitations so three separate transitions are possible. Triply resonant four wave mixing spectroscopy was implemented for systems where all the transitions involved electronic transitions. 10, 11 The methods had the selectivity and resolution characteristic of multidimensional nonlinear spectroscopies. [11] [12] [13] [14] [15] However, the involvement of electronic states required cryogenic temperatures in order to maintain sufficiently narrow transitions.
The work was extended to vibrational transitions because the smaller coupling to the bath allows vibrational states to remain sharp-lined at room temperature. [16] [17] [18] [19] [20] [21] [22] Although there are many approaches for achieving coherent multidimensional vibrational spectroscopy (CMDVS), the strategy for creating the vibrational resonances in this work are diagrammed in Figure 1a . There are two processes that drive doubly vibrationally enhanced (DOVE) FWM-DOVE-IR and DOVERaman. 21, 22 In DOVE-IR (top diagrams in Figure 1a ), two infrared excitations drive the ket and bra states to create a double quantum coherence, i.e. a linear combination of the two resonant vibrational states. A third excitation drives the Raman transition that creates the coherence which radiates the output field. There are three pathways from the initial population represented by ρ gg to the output coherence, ρ ev' , that depend upon the time ordering of the three transitions. In DOVE-Raman (bottom diagrams in Figure 1a ), the infrared excitations create two vibrational transitions on the ket state and the third excitation drives the output Raman transition, ρ eg , also on the ket state. There is only one pathway to the output coherence. The phases from each of the DOVE-IR and DOVE-Raman pathways define the amplitude level interference that occurs between the pathways. The amplitudes are proportional to the off-diagonal ρ elements describing the output coherence.
As an example, the amplitude level enhancement for a DOVE-IR process is proportional to ρ ev' . The expression for the steady state value of ρ ev' that includes the two ρ ev' doubly vibrationally resonant coherence pathways is: 
The corresponding χ (3) is
where F is the local field factor, N is the number density, and D is a degeneracy factor that reflects the Maker-Terhune convention for χ.
1 Equation 7 predicts cross-peaks at frequencies that are resonant with two coupled vibrational states. As shown earlier, there are four transitions that occur in a FWM experiment and at least one of them involves a transition that is forbidden for harmonic systems. Consequently, if there is no coupling that can cause an anharmonicity, no cross-peak occurs. Thus, at least one of the transitions must involve a combination band. 23 In our examples, the ω 1 frequency is resonant with a combination band, g → , which is a mixture of the v and fundamentals. The ω 2 excitation is resonant with the g → fundamental. The ω 4 − ω 3 frequency is resonant with the ( + v → ) Raman hot band transition. For the three transitions, the vibrational quantum number change, ∆v is 2, 1, and −1 for ω 1, ω 2, and ω 3 − ω 4 induced transitions, respectively. Figure 2 shows the two dimensional DOVE-FWM spectra of a mixture of CH3CN, CD3CN, and C6D6 along with the infrared spectrum in the region of the DOVE resonances. 24 The x and y axes represent the ω 1 and ω 2 frequencies, respectively, and the colors indicate the signal intensity at ). There are diagonal features extending through these features that come from the Raman process when ω 1 − ω 2 matches the C-C stretch vibrational modes at 828 cm −1 and 917 cm −1 for CD3CN and CH3CN, respectively.
Results
When ω 1 is far from vibrational resonances, one has normal coherent anti-Stokes Raman scattering (CARS) that involves a nonresonant intermediate electronic state and a Raman resonance with the C-C stretch. However, when ω 1 is near a vibrational resonance that is coupled to the C-C stretch . This feature is used as an internal standard for normalizing all of the spectra that together create Figure 2 . Finally, there is a background over the entire spectrum that arises from the nonresonant electronic polarization.
There is amplitude level interference between all of the processes and this interference changes the line-shapes of the frequency dependent output intensity. Levenson and Bloembergen measured the third order nonlinear susceptibilities, χ (3) , of C6H6 by fitting the line-shape changes induced by the amplitude level interference. 25, 26 In a similar way, we have fit all the spectra in the two dimensional plot in Figure  2 with a common set of parameters in order to determine both the relative size of all the nonlinearities and the dephasing rates of the nonlinear coherences. 27 Figure 3 shows examples of the experimental and theoretical lineshapes that result from this fitting. The first and last spectra are taken at ω 2 frequencies that are far from vibrational resonances so the spectra do not contain any DOVE resonances. The middle two spectra were taken when ω 2 was resonant with either the CH3CN or CD3CN C ≡ N stretch modes. The deuterobenzene line at 944 cm −1 is always the line farthest to the right in the spectra and it always has the same intensity since there are no additional resonances that enhance it. Since χ (3) of the benzene ring breathing mode is known, the χ (3) values of all the DOVE processes can be determined. We find a value of a value of 3.4 × 10 −14 cm 3 /erg for the DOVE-IR process involving a double resonance with the C-C stretch mode and the C-C, C ≡ N combination band. Details of this procedure have been published elsewhere. 27 
Relationships between Multidimensional and One Dimensional Methods
It has also been shown that the CMDVS nonlinearities are directly related to the individual infrared, Raman, and hyperRaman transitions. 1, 22, 23 For example, the DOVE-IR and DOVE-Raman processes can be described as two amplitude level infrared transitions and a single amplitude level Raman transition. The magnitude of the DOVE-IR χ (3) value is therefore directly related to the magnitude of the infrared absorption coefficients for the two infrared transitions and the magnitude of χ (3) for the Raman transition. In particular, the absorption coefficient is (9) and the Raman χ (3) is (10) where ∆ eg = ω eg − ω 1 − iΓeg, ω 1 = ω 3 and c is the speed of light. DRaman is 3 for a 2 laser experiment and 6 for a 3 laser experiment. Solving for the transition moments in eqns. 9 and 10 and substituting into the peak DOVE-IR χ
, one finds
Since the absorption coefficients and Raman susceptibilities are easily measured from normal vibrational spectra and are published elsewhere, it is easy to obtain reasonable estimates for . 1, 22, 23 For the dominant DOVE-IR peak in CH3CN, we estimate a magnitude of 4.3 × 10 −14 cm 3 /erg. This value is close to the experimental value of 3.4 × 10 −14 cm 3 /erg. More details on the procedures for obtaining these values are available elsewhere. 27 In addition, Kwak, Cha, and Cho have calculated the for acetonitrile using two different ab initio methods and determined the intramolecular coupling for all the modes. 28 Their values of 7.7 × 10 −14 and 11.5 × 10 −14 cm 3 /erg agree with our measurement and our estimate. All of these approaches give confidence that we understand the mechanisms responsible for the 2D DOVE spectra. Figure 3 . Examples of the experimental and theoretical spectra for the data in Figure 2 . The spectra are plotted as a function of ω1 for particular values of ω2.
Extensions to Stimulated Photon Echo
This strategy for determining the CMDVS nonlinearities can be extended to all the different methods that are available for CMDVS and to the stimulated photon echo and six wave mixing or 2D Raman methods in particular. Hochstrasser and coworkers [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and Tokmakoff and coworkers [39] [40] [41] [42] [43] have developed time-domain heterodyne-detected stimulated photon echo (SPE) methods that are triply resonant. Figure  1b shows the Liouville and WMEL diagrams for SPE methods. There are several key ideas to understanding the SPE method. First, it is fully resonant and each of the transitions is allowed since ∆v = ±1 for all transitions. Second, there are multiple coherence pathways, some of which involve the fundamentals and others that involve the combination bands and/or overtones. These pathways destructively interfere and can eliminate the cross-peaks if there is no coupling between the modes that are involved. 37, 41 For example, the gg → gv → gg → pathway destructively interferes with the gg → gv → → pathway and the two can cancel if their coherences' frequencies, dephasing rates, and transition probabilities are equal. Coupling results in frequency shifts or changes in the dynamics so the pathways become inequivalent, a residual contribution remains, and a cross-peak appears. This mechanism for creating cross-peaks represents a different manifestation of coupling from DOVE methods where the combination band was involved. However, there must still be a relationship between the SPE and the DOVE processes because a coupling between modes will cause the combination band required for the DOVE process and an anharmonic shift that is required for the SPE process.
The χ (3) expression for the SPE pathways in Figure 1b is
We evaluate χ (3) using the parameters determined for acetonitrile's molar absorptivities and equation 9 to determine the transition moments required in equation 12. If the g → v and the g → transitions (see Figure 1b) involve the excitation of the C-C and C≡N stretch mode, respectively, we can use the molar absorptivities and Γ values shown in Table 1 to obtain a value of 1.7 × 10 −12 cm 3 /erg. This value is substantially larger than the DOVE-IR values for this same set of vibrational modes because the SPE process is triply resonant.
Six Wave Mixing Methods
Doubly vibrationally enhanced spectroscopy is also being pursued using six wave mixing (SWM) spectroscopy or coherent 2D Raman spectroscopy. 44, 55 Figure 1c shows the relevant diagrams for an example of these methods. The example shown is the direct analogue to DOVE-IR FWM but instead of infrared transitions, the method uses Raman transitions. As shown, two of the three Raman transitions involve fundamentals where ∆v = ±1 and the third involves a combination band. At least one of the transitions must be a combination band in order to have a cross-peak in the two dimensional spectrum.
The χ (3) expression for the pathway gg → → → → → is shown below.
The value of χ (3) can be estimated using the same approach described for the DOVE-IR and SPE methods if one uses the Raman χ (3) for the individual vibrational resonances in the SWM process. If we use the C≡N and C-C stretch vibrational modes of acetonitrile, we find the χ (3) is small because the Raman combination band between these modes is too weak to be observed in the Raman spectrum. We can, however, estimate a value if we use the C-H wag (ν3) and the C-C (ν4) stretch modes because there is a Raman combination band for ν 3 + ν 4. Using the relative intensities of the different Raman lines to estimate the Raman susceptibilities of these modes (see Table 1 ) and equation 10, one can estimate the value 5 × 10 −39 cm 6 /erg for χ (5) corresponding to the transitions where is the ν 3 mode and is the ν 3 + ν 4 combination band. The significance of this value must be assessed by comparison with the interfering cascading processes.
The SWM signal is plagued by contributions from cascaded FWM signals. [56] [57] [58] [59] [60] Here, a four wave mixing process involving three lasers creates an output which together with the other two lasers excites a second four wave mixing process that gives a signal at the same frequency and directionality as the SWM signal. These interfering signals have the same intensity dependence on the laser intensities and overall phase matching conditions so they are difficult to distinguish. They do have different dependences on the sample concentration, pathlength, and the phase matching for the intermediate photon. There are two types of cascaded FWM processes − a sequential cascade where the first FWM process is completed and its output drives the second FWM process and a parallel cascade where the output of the first process occurs after the second FWM process has begun so it drives a later part of the second FWM process. 58, 60 An example of the sequential cascade is shown in Figure 1c . One can estimate the relative size of the two contributions by calculating the intensity of the signals from each process. A rough estimate for the ratio of the intensities for the sequential cascade is given by (14) where R is the ratio of the Raman cross-sections and detuning factors for the three different transitions in the cascaded and SWM process and should be near one. Using the parameters shown in Table 1 , we calculate the ratio is 3600 for a 1 mm pathlength. It is therefore necessary to achieve this level of discrimination between the two signals if one is to observe the true SWM process. The largest discrimination is obtained by arranging the phase matching conditions so the output of the first FWM process is not phase mismatched for all of the cascades but the overall phase matching is still maintained. 57, 58, 61, 62 Heterodyne detection also provides discrimination because the phase of the output signal differs between the two processes and it also boosts the signal levels. 62, 63 The excitation beams' polarizations can be chosen to optimize the discrimination. 64 Additional discrimination is possible by using electronic resonances to enhance the signals. 56 Electronic resonances allow one to work at lower concentrations and shorter pathlengths. As can also be seen from equation 14, the discrimination improves inversely as the square of concentration and path-length.
56

Conclusions
The promise of CMDVS methods lies in their ability to provide increased resolution from the multiple dimensions, selectivity for specific components, conformers, isotopomers, etc., structural detail from the χ (3) tensor, picosecond temporal resolution as defined by the dephasing rates, and sensitivity to the inter-and intra-molecular interactions that couple modes.
1 CMDVS methods can be performed in the frequency or time domain.
1 CMDVS methods that are based upon odd wave mixing processes such as three wave and five wave mixing are inherently surface selective because the molecules with opposite directions interfere in isotropic materials and eliminate their contributions. [65] [66] [67] An n + 1 wave mixing process involves n excitation pulses and is analogous to an npulse NMR experiment. The relative importance of the higher order resonant processes scales as the ratio of the Rabi frequency to the dephasing rate, Ω/Γ. 56 For high laser intensities that approach saturation, these higher order processes can become quite important. However, these higher order processes will always need to be concerned about cascaded interference so it will be important to solve the cascading problem. When that discrimination is achieved, these higher order processes will offer greater selectivity through their higher dimensionality. 
